A ll transition metals are highly toxic to life at low levels, but at the same time some, such as manganese, iron, cobalt, nickel, copper, zinc and molybdenum, are essential micronutrients needed to catalyse key enzymatic reactions. To survive, living organisms have had to evolve mechanisms that either remove such metals from their bodies or detoxify and make use of them metabolically. Many of these mechanisms have been well studied in bacteria, but much less is known about how plants and animals deal with toxic compounds. Such knowledge is vital for human health because heavy metal contamination is a significant cause of morbidity in certain regions of the world. Such contamination is sometimes natural, but is often the result of human activities that result in high levels of heavy metals in the groundwater. Moreover, some industrial activities-notably metal mining and processing-are particularly dangerous to the health of both workers and people living nearby. This has stimulated work both to assess the impact of exposure to high levels of metals and their salts, and to study the mechanisms of detoxification in humans.
In some cases, the proteins and underlying genes involved have been discovered, but it remains unclear to what extent these genes vary between species or even individuals, especially in humans. There was therefore great interest in a recent study of people living in the high Andean village of San Antonio de los Cobres in Argentian [1] , who are exposed to natural exceptionally high levels of arsenic, which is extremely toxic and does not seem to have any essential role in living organisms. The study aimed to assess whether natural selection had equipped these people with a better than average ability to cope with arsenic [2] . Previous studies of populations exposed to high arsenic levels in Bangladesh, Mexico and Taiwan identified the gene AS3MT, located on chromosome 10, as a crucial factor for arsenic metabolism in humans. It encodes an enzyme that methylates inorganic arsenic into its dimethylated forms, which are less toxic. In fact, a person's arsenic tolerance can actually be measured by the ratio of methylated to total arsenic in urine.
I n San Antonio de los Cobres, arsenic seeps from the volcanic bedrock into the river flowing through the village; the arsenic levels in tap water are 20 times above the WHO's established safe limit. Karin Broberg from Lund University in Sweden, who has been investigating this village of almost 6,000 inhabitants since 1994, asserts that their unusually high arsenic tolerance is due to variants of AS3MT that confer better arsenic metabolism and that these variants have become more prevalent in the population. Broberg filtered out other confounding variables that affect arsenic metabolism from her data set, which led to a sample of 124 women and no men. "Arsenic metabolism is influenced by other factors than genetics, and men have generally less efficient methylation, which also decreases with certain other exposures, such as smoking, which is more common in men there," she explained. "At the same time, many men in our study area are far away for work for longer periods and therefore have a different exposure to arsenic. So in order to isolate the genetic impact on arsenic methylation, we chose women to avoid influence from sex or smoking and to obtain a sample of people all of whom had a similar exposure level." The study found a markedly increased frequency of AS3MT variants among these women, affording high arsenic chelation rates compared with neighbouring populations that lacked the same exposure to the element but were otherwise genetically similar. "The significance was that we, for the first time, showed that humans can evolve resistance to a toxic element," Broberg said. Broberg's research also highlights a point common to many toxic compounds, not just metals, which is that their metabolic processing can generate dangerous intermediate by-products. "The first methylated product, the monomethylated arsenic (MMA), especially in its trivalent form, is considered even more toxic and more carcinogenic than the arsenite," Broberg said. "This might seem a paradox, but the fact that the metabolism produces more toxic metabolites than the original chemical is not unique for arsenic, but a common feature for many toxic chemicals. When the body biochemically modifies chemicals to enhance their excretion, the metabolites that are formed are often more toxic than the original compound-it is a double-edged sword." W hile the inhabitants of San Antonio de los Cobres seem to have developed resistance to arsenic, this is not the case for many mine or metal workers, who experience numerous health problems as a result of their exposure to toxic compounds. At the molecular level, some mine workers suffer from cytogenic damage through contact with heavy metals, with one study indicating higher levels of sister chromatid exchange (SCE) among workers in a lead and zinc mine in Slovenia [3] . SCE occurs naturally during the processes of mitosis and meiosis when chromosomes are duplicated. Although some SCE always occurs during DNA replication, elevated levels, particularly close to the telomeres, are associated with some conditions such as premature ageing [4] . The Slovenian study observed levels of structural chromosome aberration (SCA) in 70 mine workers over a 3-year period during which the mine was being closed and so exposure levels were falling. Their SCA levels were significantly higher than those among local people who had never worked in the mine, and even higher compared to a control group of Slovene residents. A key point was that while overall SCA levels decreased during the 3-year period as exposure to radioactive radon gas decreased, the incidence of SCE remained higher than the surrounding population, which indicates that metals, rather than radon, might be the primary cause of SCE among mine workers.
Other studies have monitored levels of heavy metals themselves in mine workers to determine whether or not these are within safe guidelines for toxicity. One Turkish study at an unnamed metal mine in the Central Anatolia region [5] found that 70.1% of workers had blood lead levels higher than the internationally accepted ACGHI (American Conference of Governmental Industrial Hygienists) reference level of 30 lg/dl, and 58.6% had urinary arsenic levels higher than the reference level of 35 lg/l. Urine and whole blood samples were collected from 758 male workers at the mine. Profiles were obtained of urinary arsenic and mercury, while blood lead levels were determined by inductively coupled plasma-mass spectrometry. One significant aspect was that the mine workers were subdivided into 12 categories on the basis of where they worked within the mine. It was found that while the average worker had 51.9 lg/l arsenic, the levels were over double that among workers at the "drilling and blasting" section (115.0) lg/l. In the case of lead, the picture was slightly different, with the average being 62.9 lg/dl and the highest level found at the "crushing and screening" section (97.4 lg/dl). Such findings could help to find ways to reduce exposure among workers.
W ith so many contaminated sites around the world, remediation technologies for removing heavy metals have been a major focus of research on heavy metal biochemistry (Fig 1) . There has been particular interest in using plants owing to their ability to extract metals some distance below the soil and for their convenient collection and disposal by just removing the plant body. Phytoremediation is still limited to relatively shallow sites by the depth to which roots can penetrate, but various field trials have identified plant varieties with greater potential for taking up toxic metals faster and in greater amounts.
One study of a site polluted with a variety of metals from pyrite cinders in industrial waste-including aluminium, cadmium, cobalt, copper and zinc-involved planting with two annual high-yield crops: Sorghum bicolour and Helianthus annuus [6] . The existence of such metal-hyperacculumating plants begs the question of their evolutionary origin. Some plants accumulate levels of various metals at up to 100 times that of the surrounding vegetation, according to Elizabeth Pilon-Smits, who conducts research on selenium metabolism in plants at Colorado State University. There is now strong evidence that such accumulation evolved to protect against predation by herbivores or pathogens for which such concentrations would be toxic [7] .
Another selective factor for hyperaccumulation could be to increase tolerance against drought, by helping cope with the stresses involved. For example, nickel may play a role in adjusting for osmotic stress at times 
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Living with toxic elements Philip Hunter of low water availability. Pilon-Smits noted that more than five hundred species of plants have been documented that hyper accumulate one or more trace metals, including arsenic, cadmium, chromium, cobalt, copper, lead, manganese, nickel, selenium and zinc. Most are flowering plants, but there are also a few fern species with the ability, which means that the trait seems to have evolved early on in plant evolution. The key to successful exploitation, however, lies not so much in finding an existing plant suitable for the task, but in one whose mechanisms and underlying genes are best understood, according to Dylan Burge, botany curator at the California Academy of Sciences. Burge has identified Streptanthus polygaloides as a promising plant to take up nickel, even though its ability to accumulate the element to up to 2% of its dry body mass is only average among metal hyperaccumulators. "Streptanthus polygaloides is especially enticing not because it would make a superb crop for phytomining or phytoaccumulation, but because a lot is known about the genome of this plant and its close relatives, which include the model plant Arabidopsis thaliana," Burge said. "What we learn from this plant can then be used to create crops that are better suited to phytoremediation and phytomining, especially in terms of biomass production. This would likely be done through transgenics or genome editing." C ommercial deployment will require an engineered plant capable of thriving in these hostile environments and with high biomass production. As Burge indicated, interest in such research now includes phytomining as a cleaner alternative to conventional ore extraction-the plants take up the metal of interest from the ground, and the metal is then extracted from the plant. Indeed, momentum could grow behind phytomining-sometimes called agromining-as a way of improving the rehabilitation and clean-up of disused mining sites, with the extraction of metals almost as a by-product, according to Antony van der Ent from the Phytoremediation Team at the University of Lorraine in France.
Yet, research activity has been limited to only a few trials owing to economic rather than scientific or technological factors. "As long as it remains very cheap to mine metals like nickel using conventional mining methods, it will not be possible for a technology like phytomining to compete on the open market," Burge explained. "For instance, the price of commodity nickel is about $7 a pound right now, which is far below the current estimates for what it would cost to use existing metal-accumulating species to phytomine." Van der Ent also argued that given continuing controversy over GM crops, especially in Europe, it would make sense to avoid taking the genetic engineering route to develop commercially viable hyper accumulators. "We would not want to use gene transfer technology for "inserting" hyperaccumulator genes into fast-growing food crops," he said. "Not only is it unnecessary, it will raise major concerns for food safety and other issues." Others disagree, arguing that genetic engineering and other technologies will be required to develop plants and processes that achieve the scale and low costs required. Nonetheless, Burge reckons that the biggest need for innovation is on the crop management side to maximize yield. "We need to develop technologies to turn existing abandoned mines into phytomines," he said. "This would include things like hydroponics technology that would allow for dozens of crop rotations per season, completely automating the process of biomass harvesting and metal production, and also recycling water and extra biomass to avoid metal runoff or other kinds of pollution." D espite the dangerous impact that toxic metals can have on human health, a number are also essential micronutrients. Among them is copper, one of the most toxic and yet most beneficial metals, according to Dennis Thiele at Duke University, North Carolina, USA, who has specialized in the metal's role in metabolism. "I would say copper was amongst the most toxic essential metals," he said. "The concentration at which copper begins to perturb biological systems is much lower than say zinc." Both copper's toxicity and value as a catalyst lies in its flexibility for driving redox reactions, Thiele explained. It can act as either an electron acceptor or donor as its oxidation state flips between Cu +1 and Cu +2 , which allows enzymes to catalyse complex redox reactions that would not otherwise be possible. But because this capability can be toxic, organisms also have to limit the amount of free copper in their cells, as it could damage proteins or cellular structures. "There is evidence that there is no free copper at all in cells," Thiele said. Almost all plants and animals have therefore evolved a broad range of homoeostatic mechanisms to maintain optimum levels of copper concentration. In some cases, the same mechanisms handle toxicity and maintain adequate levels for the variety of essential functions that copper performs. "In most cases this balancing is based on this easy conversion between the two oxidation states," commented Svetlana Lutsenko, whose laboratory at Johns Hopkins University in Baltimore, USA, focuses on copper metabolism.
"The most important proteins for balancing copper levels in cells are coppertransporting ATPases." Copper-transporting ATPases have been adjusted through evolution to harness energy from ATP hydrolysis to transport copper across cell membranes. "These proteins are present in all phyla and are conserved from bacteria to humans," Lutsenko said. "The copper-transporting ATPases have a dual function-they deliver copper to copper-dependent enzymes and export excess copper from cells." By varying their expression, organisms can regulate import and export of copper according to need.
A number of inherited disorders are associated with the metabolism of toxic metals that are also essential micronutrients. One such disorder is Wilson's Disease, which results from a mutation in the gene that pumps copper from the liver out into the bile to remove it from the body. The mutation causes the body to accumulate too much copper and sufferers show symptoms of copper poisoning even if they take up only normal amounts of the element in their diet. Thiele cited recent evidence that copper interferes with the binding of iron/sulphur clusters involved, for example, in DNA replication and repair, as an important clue in understanding the toxic effects of Wilson's disease [8] .
T here are also inherited disorders that cause deficiencies in key metal elements, such as Acrodermatitis enteropathica, which results in a lack of zinc. The disease is associated with mutations in a gene (SLC39A4) that codes for the zinc transporter protein, ZIP4, that transports the metal through intestinal cells. Like many other inherited conditions that cause deficiencies or toxicity at normal levels of metal intake, Acrodermatitis enteropathica is rare, affecting about 1 in 500,000 people, independent of sex or ethnic group.
Globally, however, it is micronutrient deficiency that has the largest impact on health. According to the US National Institute of Health, between 500 million and 1 billion people suffer from selenium deficiency, while "an even larger number may consume less selenium than required for optimal protection against cancer, cardiovascular diseases and severe infectious diseases including HIV disease" [9] . But this masks regional variations that are determined by underlying levels of the element in the soil. "Usually, people in the US are well-supplied as the soil and the agricultural products, both plants and meat, are selenium rich," said Lutz Schomburg, who works on selenium in nutrition at the Charité University Hospital in Berlin, Germany. "And usually in Europe, we are poorly supplied, especially vegetarians, as we only actively supplement selenium in our animal production. Severe Selenium deficiency is common in remote areas of Africa and Asia." Selenium is part of the enzyme glutathione peroxidase, which metabolizes hydroperoxides formed from polyunsaturated fatty acids and also a crucial element of the enzymes that deiodinate thyroid hormones. Its deficiency can cause male infertility and hypothyroidism, with symptoms including extreme fatigue, goitre and recurrent miscarriage. Some countries have taken steps to remedy selenium deficiency at the soil level, such as Finland, which started systematically supplementing all its fertilizers with selenium 30 years ago. "This seems to be a safe measure to improve selenium status of a full population," Schomburg commented.
When it comes to toxic metals, the greatest impact on human health and public health might not come directly from understanding the molecular mechanisms of how humans deal with them, but indirectly from research on how plants process and accumulate metal ions from the soil, either improving the nutrition of those who eat the plants, or using the plant to clean up toxic areas where people live. This knowledge will fertilize applied research such as phytoremediation and phytomining that hold good potential for cleaning up contaminated sites and decreasing human exposure to heavy metals. It will also lead to a better understanding and appropriate remedies to supply humans with a diet that contains sufficient amounts of micronutrients so as to decrease the incidence of deficiency-related diseases.
